Using multiple correlation and linear regression approaches, we investigated the association between the amount of mediastinal drainage for the first 24 postoperative hours and clinical variables as well as multiple haematological tests performed at three time points: before anaesthesia induction, 10 minutes after protamine administration and just after skin closure, on 46 patients undergoing primary coronary artery bypass grafting. Three models from the three times were then developed to predict mediastinal drainage. The number of internal mammary grafts, the total number of grafts and plasma fibrinogen concentration were useful predictors of mediastinal drainage at all three times. The platelet count taken only after skin closure was found to provide additional predictive information. Each regression model explained approximately 60% of the variation in postoperative mediastinal drainage. The information obtained from these predictive models is useful in defining high-risk populations.
Excessive bleeding after cardiac surgery using cardiopulmonary bypass (CPB) remains a major clinical problem. Coagulation disturbances associated with CPB play an important role in its aetiology 1, 2 . Great efforts have been made to predict perioperative blood loss and have met with conflicting results [3] [4] [5] [6] [7] [8] [9] [10] . Various coagulation tests have been studied to identify high-risk patients and have been performed either before surgery and/or following cessation of CBP [4] [5] [6] [7] [8] [9] [10] . However, no coagulation tests have been reported to consistently or accurately predict the amount of blood loss. The time of blood sampling may partially explain such divergent findings. Accordingly, we performed multiple haematological tests on patients undergoing primary coronary artery bypass graft (CABG) at three time points: immediately before anaesthesia induction, 10 minutes following administration of protamine, and at skin closure. At each of these time points we investigated the association between the clinical and haematological variables with the amount of postoperative mediastinal drainage in the first 24 hours. By using a multiple linear regression approach, we sought to define predictors of postoperative mediastinal drainage.
MATERIALS AND METHODS
Forty-seven patients undergoing primary CABG were studied following approval of the protocol by the Hospital Ethics Committee and after informed consent was obtained. Exclusion criteria included abnormal liver function tests, serum creatinine greater than 0.15 mmol/l, and a history of coagulation abnormalities or bleeding diathesis.
All patients received standard anaesthesia, surgery and CPB. Preoperative medications included oral diazepam, intramuscular papaveretum and hyoscine. After insertion of peripheral venous, arterial and pulmonary artery catheters, anaesthesia was induced and maintained with fentanyl, low-dose diazepam or midazolam, pancuronium and isoflurane or halothane.
The internal mammary artery and/or saphenous vein were harvested for grafting. A roller pump (Cobe, Lakewood, CO, U.S.A.) with a 40 µm arterial filter and membrane oxygenator (DIDECO, D703) was used for CPB. Pump prime consisted of 1000 ml of lactated Ringer's solution and 500 ml polygeline (Haemaccel, Hoechst Marion Roussel) with 10,000 units heparin. Moderate hypothermia (28 to 30°C) was induced, cardiac index was maintained at 2.3 l/min/m 2 during normothermia and hypothermia.
Heparin was administered to maintain activated clotting time (ACT) at more than 480 seconds during CPB. Myocardial protection was induced with blood cardioplegia. The remaining volume in the CPB machine after discontinuation of CPB was reinfused.
Postoperatively patients were managed according to a standard protocol by intensive care staff who were blinded from the study. Haematological tests included haemoglobin (Hb), platelet count (PLT), skin bleeding time (SBT, Simplate method), international normalized ratio for prothrombin (INR), prothrombin time (PT), activated partial thromboplastin time (aPTT), thrombin clotting time (TCT), platelet factor 3 (PF3) and plasma fibrinogen concentration. ACT was measured using the Hemochron 400 (International Technidyne Corporation, Edison, NJ, U.S.A.). TEG (Thrombelastography D, Haemoscope, Skokie, IL, U.S.A.) was performed according to standard technique 11 . The variables measured included reaction time (r, min.), coagulation time (k, min.), clot formation rate (α, degree), maximum amplitude (MA, mm) and whole blood clot lysis index (WBCLI, %).
Blood samples for all tests were drawn from a heparin-free radial arterial line at three time points: before anaesthesia induction, 10 minutes after protamine administration and following skin closure in the operating room. SBT was performed only at preanaesthesia and post-skin-closure. The mediastinal blood drainage in the first 24 postoperative hours was recorded.
Pearson's product moment correlation was used to investigate the association between the total mediastinal drainage (dependent variable) and each of the clinical/haematological variables (independent or explanatory variable); and the association among the independent variables. Since the correlation coefficient only measures the strength of a linear relationship, a scatter plot of the mediastinal drainage versus each independent variable was examined for any indication of a curvilinear relationship. At each of the three time points, multiple linear regression was used to investigate the relationship between the total mediastinal drainage and the clinical/haematological variables. Due to the large number of independent variables, only those variables that were highly correlated with mediastinal drainage (i.e., correlation coefficient statistically significantly different from 0, P value <0.05) were entered into a best subsets regression analysis, as well as those variables which indicated the possibility of a curvilinear relationship. Regression analysis was then carried out with those variables determined from the best subset regression with the maximum adjusted coefficient of determination (R 2 ). The final model is one where all independent variables are statistically significant at the 0.05 level.
This paper presents three regression models, one for each time point. The statistical software package used for data analysis was Minitab (release 10.2, Minitab Inc State College, PA, U.S.A.).
RESULTS
Patient demographic and surgical characteristics are presented in Table 1 . The mean amount of total postoperative mediastinal drainage was 918 ml with values ranging from 275 to 2800 ml. Of the 46 patients, 12 (26%) had a transfusion of packed red cells (mean 1.9 units, SD 0.8), six (13%) received platelets (mean 5.7 units, SD 0.5), five (11%) received fresh frozen plasma (mean 3.4 units, SD 1.5) and eight (17%) received autologous blood (mean 420 ml, SD 131) salvaged from the mediastinal drains postoperatively. Six patients were given protamine (50 mg each) and two patients had desmopressin acetate (DDAVP, 30 µg each) in the postoperative intensive care unit.
Forty of the study patients took 150 mg of aspirin preoperatively and the duration of preoperative cessation of aspirin varied from one to twenty days. 421 
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Anaesthesia and Intensive Care, Vol. 28, No. 4, August 2000 Ten patients received preoperative intravenous heparin therapy with rate adjustment according to aPTT. Heparin infusion was ceased two to three hours before surgery. Heparin administration prior to CPB was identical for all patients (300 unit/kg) regardless of preoperative intravenous heparin therapy. Preoperative heparin therapy prolonged most pre-anaesthesia coagulation tests (INR, PT, aPTT, TCT, ACT and coagulation time of TEG), however, this effect was no longer apparent after protamine administration and skin closure 12 .
One patient underwent reoperation for excessive postoperative bleeding of 7250 ml. This patient was excluded from the data analysis as the extraordinary amount of blood loss was due mainly to a surgical problem. Typical fibrinolysis graphic tracings of TEG were observed in two patients during the periods of study. The first patient had a pre-anaesthesia WBCLI of 48%. WBCLI was 0% following the administration of protamine and returned to normal (92%) after skin closure without pharmaceutical intervention. This patient experienced increased postoperative chest drainage (1855 ml) and was treated with transfusion of blood products, desmopressin and protamine in the intensive care unit. The other patient had a normal WBCLI of pre-anaesthesia and post skin closure. The WBCLI following the administration of protamine, however, was reduced to 68%. This abnormality was not treated. This patient had 50 mg of protamine in the intensive care unit and the postoperative mediastinal drainage was 915 ml.
Correlation coefficients between total mediastinal drainage and clinical variables are presented in Table  2 . The amount of total mediastinal drainage had a positive association with the number of internal mammary grafts, the total number of grafts and duration of CPB. Table 3 presents correlation coefficients between total mediastinal drainage and haematological variables at the three time points of pre-anaesthesia, following administration of protamine and skin closure. The amount of mediastinal drainage had a negative association with pre-anaesthesia platelet count, fibrinogen concentration and WBCLI. Following the administration of protamine, the amount of mediastinal drainage had a negative association with Hb, platelet count, fibrinogen concentration and MA of TEG, and a positive association with INR, PT and aPTT. Finally at skin closure, drainage had a negative association with Hb, platelet count and fibrinogen concentration, and a positive association with INR, PT and ACT.
The prediction models presented in Table 4 include only those variables which were determined to be statistically significant from the regression analysis. The number of arterial grafts, the number of total grafts and plasma fibrinogen concentration were the only variables presented in all three models. Platelet count at skin closure was the only additional predictor.
DISCUSSION
Being able to predict the amount of post-CPB bleeding has important implications concerning the use of blood products or the selection of candidates for pharmaceutical intervention with expensive agents such as aprotinin. Accordingly, we extensively measured coagulation variables at three time points in patients undergoing primary CABG: (1) pre-422 G. LIU, P. L. MCNICOL ET AL Anaesthesia and Intensive Care, Vol. 28, No. 4, August 2000 anaesthesia, (2) post-protamine administration and (3) at skin closure. We established three models to predict the amount of postoperative mediastinal drainage using multiple linear regression. The numbers of arterial grafts and total grafts and the plasma fibrinogen concentration were found to predict mediastinal drainage at all three time points. The only additional predictor was the platelet count at skin closure. In previous studies, many coagulation tests have been reported to correlate with or to predict postoperative blood loss. Such tests have included fibrinogen, platelet count, D-dimer, mean platelet volume, platelet haematocrit, aPTT, PT, and skin bleeding time 9, 13, 14 . Unfortunately, the correlation coefficients or predictive values in various studies were low or inconsistent. This is not surprising as several factors are likely to affect the results of those studies: the definition of excessive blood loss, the statistical methods of data analysis, the comprehensiveness of haematological testing and the time of sampling. For example, different definitions of postoperative blood loss have been used in various studies, from the amount of total (or first 24 hour) postoperative chest drainage [8] [9] [10] to the rate of bleeding (chest drainage) in a first few postoperative hours 15, 16 . The methods of analysis range from matching excessive blood loss and abnormal coagulation tests 8, 15 to multiple correlations and regression analyses 9,10,14,17 . It is difficult to compare the results from such studies due to the different definitions and methods.
Like most previous studies of predicting blood loss with multiple regression analysis 9,10,14,17 , we employed total postoperative mediastinal drainage as the dependent variable. We recognize that the rate of blood loss, especially in the first few hours after surgery, is important for the determination of the nature of bleeding as well as for the decision to intervene. However, postoperative blood loss in the vast majority of patients is non-surgical and coagulation deficit-related, and its collection over 24 hours is the most commonly used outcome measure. By using multiple regression analysis with postoperative first 24-hour mediastinal drainage as the dependent variable, we aimed to predict total blood loss and to estimate haemostasis rather than detect surgical bleeding.
At a clinical level, our findings confirm those of 423 COAGULATION AND POST CARDIAC SURGERY BLEEDING Anaesthesia and Intensive Care, Vol. 28, No. 4, August 2000 10, 18, 19 by demonstrating an association between the amount of chest drainage and the numbers of arterial grafts and total grafts. In general, the duration of CPB increases with the number of grafts. A prolonged CPB is likely to lead to a more profound disturbance of haemostasis, greater bleeding risk from the arterial harvest bed and increased blood loss. In our study, the number of arterial grafts and total grafts correlated reasonably highly with mediastinal drainage and both were selected as predictors of total 24 hour drainage in all three models. The majority of the previous studies have failed to demonstrate a predictive value for preoperative coagulation tests 4, 9, 10 . A report suggested that only intraoperative blood loss correlates with preoperative haemostatic abnormalities 17 . Pre-operative coagulation disorders are rare and they are often recognized and treated. Most abnormal coagulation tests seen preoperatively are associated with drug therapy, such as anticoagulation (warfarin or heparin) or antiplatelet (aspirin) therapies. These therapies are usually not major contributors to excessive postoperative bleeding if these agents are ceased some time before the operation or their effect is reversed. In fact, neither preoperative aspirin nor heparin therapy were found to be associated with mediastinal drainage 12 . Older age has been reported as a risk factor for perioperative blood loss 7, 18 and it did have a positive correlation with mediastinal drainage. However, it did not provide any additional predictive information once other explanatory variables were taken into consideration.
Most reports with positive results have shown that the coagulation tests which are associated with postoperative blood loss are those performed after discontinuation of CPB, either following administration of protamine or on arrival in the intensive care unit 4, 8, 9, 10, 13, 19 . Indeed, perioperative changes in coagulation status are mainly CPB-related, and therefore the tests performed following discontinuation of CPB are more likely to be associated with postoperative blood loss. However, obtaining such information after CPB rather than before surgery is not as useful in the timely initiation of therapeutic intervention. Defining a high-risk population before surgery on the other hand, would enable prophylactic intervention. Early intervention is likely to be more effective in preventing excessive bleeding.
In our study, more tests were found to correlate with mediastinal drainage following protamine administration and after skin closure than at preanaesthesia. In addition to fibrinogen and platelet count, mediastinal drainage was associated with INR, PT, aPTT and MA of TEG following protamine administration and INR, PT and ACT following the skin closure. These variables were however, associated with fibrinogen and/or platelet count, and did not provide any additional predictive information. Platelet count had a negative association with mediastinal drainage at all sampling times, but it was predictive of mediastinal drainage only after skin closure. This finding may be due to the onset of platelet dysfunction and consumption following CPB. Of interest, a negative association between haemoglobin and mediastinal drainage was also found both following protamine administration and at skin closure. This, however, may simply indicate that intra-and postoperative blood loss is proportional, the relationship reflecting blood loss instead of coagulation status.
Plasma fibrinogen concentration was found to predict mediastinal drainage, not only following discontinuation of CPB but also before induction of anaesthesia. It may be that a low pre-CPB fibrinogen concentration predisposes to subsequent hypofibrinogenaemia and therefore to bleeding. It appears that pre-CPB measurement of fibrinogen concentration is more valuable than other coagulation tests in estimating mediastinal drainage.
These findings are consistent with what is known about CPB-related coagulopathy. A reduction in both platelet numbers and function and the development of systemic hyperfibrinolysis during and following CBP contribute to deficits in haemostasis and increased postoperative bleeding [1] [2] [3] . The role of thrombocytopenia is understandable and can be intuitively appreciated. The importance of hypofibrinogenaemia may not be fully appreciated. The fibrinogen concentration is usually reduced during CPB and it has not been thought to be important to abnormal haemostasis by some authors 1, 17, 20 . However, an association between fibrinogen concentration and postoperative chest drainage has been documented in previous reports 10, 21 . In the present study, fibrinogen concentration had a clear relationship with postoperative mediastinal drainage. The role of fibrinogen in perioperative haemostasis and blood loss should be re-evaluated. The reduction in fibrinogen during CPB cannot be simply explained by haemodilution 17 and it is likely to be also related to systemic hyperfibrinolysis and consumption.
In recent years, the prophylactic use of antifibrinolytic agents, such as tranexamic acid and aprotinin, has improved haemostasis and reduced perioperative bleeding and blood product transfusion in cardiac surgery 22, 23 . The accumulated data suggest COAGULATION AND POST CARDIAC SURGERY BLEEDING Anaesthesia and Intensive Care, Vol. 28, No. 4, August 2000 that CPB-associated activation of coagulation and of the fibrinolytic system plays a more important role in perioperative bleeding diathesis than previously realised. Furthermore, there has been increasing evidence of activation of the fibrinolytic system during and following CPB as more precise assays for fibrinolysis have become available in recent years 24, 25 . In our study, TEG tracings consistent with fibrinolysis were seen in two patients after protamine administration.
There is interaction between platelet and fibrinogen. Previous studies have shown that CPB reduced platelet fibrinogen receptors 26 and that plateletfibrinogen binding was compromised following platelet degranulation induced by CPB 27, 28 . Our results demonstrated that fibrinogen concentration correlated reasonably highly with platelet count at all three time points and that both were associated with mediastinal drainage. A recent report has also shown that transfusion of cryoprecipitate which contains concentrated fibrinogen was remarkably effective in correcting CPB-related coagulopathies and reducing postoperative chest drainage 10 . It seems that both platelet and fibrinogen play an important role in perioperative haemostasis and in the determination of postoperative blood loss. Antifibrinolytic therapy was not a common practice for patients undergoing cardiac surgery in our institute when this study was done. Therefore, no antifibrinolytic agent was given intentionally in this group of patients.
None of the regression models explained more than 60% of the variation in postoperative mediastinal drainage. The coagulation process is a complicated cascade and affected by many factors, especially perioperatively. It is unlikely that a single coagulation test performed perioperatively is able to predict postoperative blood loss accurately. In addition, the regression equations were based on the amount of postoperative mediastinal drainage, which in most cases was within a certain range (620 ml of first and 1224 ml of third quartile). It is, therefore, not rational to expect such a model to succeed in predicting an extreme amount of blood loss (very little or too much).
In summary, three prediction models for postoperative mediastinal drainage were established. Each was able to account for 60% of the variation in mediastinal drainage. The number of internal mammary grafts, the number of total grafts and fibrinogen concentration at all times and the platelet count at skin closure were significant predictors of postoperative mediastinal drainage. Other coagulation tests provided no additional predictive value.
The information obtained from these predictive models is useful in defining high risk populations. Such patients may benefit from antifibrinolytic agents or the administration of blood products.
